Abstract. The glandular sensory organ found in representatives of all genera of Stilboncmatinae (Nematoda. Deslllodoridae) so far described was investigated by means of scanning and transmission electron microscopy. It is composed of onc type A and one type B glandular cell, onc l1lonocilialcd sensory cell, and a hollow seta. Whereas the Stilboncmatillae have eClosYI11-biotic bacteria coating the cuticle, for an ollLgroup comparison three non-symbiotic species belonging to three genera from the closely related subfamilies Desmodorinae and Spiriniinae were chosen. In these three species the glandular sensory organ is composed of one type A glandular cell, one biciliated sensory cell, and a hollow seta. The consistent structure of a highly complex organ such as the glandular sensory organ with onc type B glandular cell and one monocilimed sensory cell suggests thut the Stilbonematinae are monophyletic in spite of their otherwise diverse morphology.
The marine free-living nematodes of the subfamily Slilbollematinae CHITWOOD 1936 (Desmodorida, Desmodoridae) are distinguished from all other free-living nematodes by a symbiosis with chemoautotrophic, sui fur-oxidizing bacteria covering their cuticle with 0 species-specific coat (011 & Novak 1989; Schiemer et al. 1990; 011 el al. 1991; Polz et al. 1992; all 1993a,b) . From the genera so far described, six (Calallema COBB 1920 , Ellboslriclws GREEFF 1869, LaXIIS COBB 1894, Lcplollcmclla COBB 1920 , Robbca GERLACH 1956 , Stilbollema COBB 1920 can be unambiguously distinguished (sce Chitwood 1936; De Conillck 1965; Andrassy 1976; Ott el al. 1995) . A seventh genus, SquGnema GERL..... CH 1963, is monospccific, and inadequately described. Besides being characterized by the presence of ectosymbiotic bactcria and a minute buccal cavity without armature, mcmbers of the Stilbonemal'inilc show considerable morphological variabiliLy in characters such as the Cllticle, the amphid, or the structure of the pharynx. It is Lherefore unclear whether the SLilbonematillae is a monophyletic Laxon or just an assembly of symbiotic genem of the fami Iy Deslllodoridae. The discovery LhuL the epidermal glands of n member of the genus V/XIIS (as Cawl/cma sp.. Nebelsick el al. 1992 ) are highly complex glandular sensory organs offered the • To whom correspondence should be addressed.
opportunity to use a new character for comparative sLudies.
The glandular sensory organs were first mentioned by Cobb (1920) as "organs of unknown origin." Laler these "porids" were theorized to be outlets for glands (see Hopper & Cefalu 1973; Jensen 1978) . Besides Nebelsick el al. (1992) , only one other ultrastructural investigaLion has dealt with the fine structure of complex epidermal glands in free-living nematodes: Lippens (1974) described a multicellulor structure for Chromadoril/a gcrmanica (BUTSCHLI 1874) .
In this study represcntatives of all genera of Stilbonematinae \,-/ere investigated in order to determine the occurrence and variability of the glandular sensory organ. For an outgroup comparison we chose one species or Spiriniinac GERLACH & fv1uRPJ-IY 1965 and two species of Desmodorinae FILlPJEV t 922, which are thought to be the closest non-symbiotic relatives. Members of thc non-symbiotic subfamilies Desmodorinae and Spiriniinae within the Deslllodoridae are known to be overgro\vn frequently by divcrse assemblages of bacteria and protists (Blome & Ricmann 1987; Ott et al. 1991) . Schiemer et al. (1990) hypothesized that the StilbonemaLinae is derived from an ancestor with such an ullspecialized epigrowLh. A contribution to the unresolved relationships of mcmbers of the StilbollemaLinae using methods of phylogenetic systematics should serve to illuminate thc evolution of their symbiosis.
Figs. 1-6. Stilbonematinae. SEM. Fig. 1 . Monolayer of bacteria of Laxus cosmopolitus with somatic setae extending above the bacterial coat. Fig. 2 . Monolayer of filamentous bacteria of Eubostrichus sp. with somatic setae partly extending above the bacterial coat. Fig. 3 . Midbody region of Leptonemella sp. with six longitudinal rows of uniform body setae. For transmission electron microscopy (TEM), worms were fixed after Eisenman & Alfert (1982), dehydrated with ethanol, and embedded in Spurr's epoxy resin. Series of cross and longitudinal sections were cut on a Reichert Ultracut E. Dioxan-fonnar coated copper slot-grids were stained with 0.5% aqueous uranyl acetate and 2.5% aqueous lead citrate using a LKB 2168 Ultrastainer and viewed with a Zeiss EM9-S2 or a Zeiss EM 902.
Results

Stllbonematinae
Members of the Stilbonematinae are characterized by a coat of probably monospecific, ectosymbiotic bacteria covering the host to a large extent. In those genera that have a monolayer (Catanema, Laxus, Robbea) or a multilayered sheath (Leptonemella and Stilbonema) the subcephalic and somatic setae-which are the outlets of the glandular sensory organs-extend above the bacterial layer (Fig. 1) . In Eubostrichus sp., which has a cover of long crescent-shaped bacteria, not all the setae project from the bacterial coat ( Fig.  2) (Ou et al. 1991; Polz et al. 1992) .
The subcephalic and somatic setae are arranged in eight longitudinal rows (two subdorsal, four sublateral, and two subventral) in the anterior body region. At a distance behind the pharyngeal region the two submedian rows merge into one mediodorsal and one medioventral row, respectively (terminology of body regions after Coomans 1979) .
In Catanema sp., Eubostrichus sp., Laxus oneistus, Laxus cosmopolitus, Leptonemella sp. (Fig. 3) , and Stilbonema sp. all somatic setae are of equal length. In Robbea sp. two different types, long and short, alternate almost regularly in each longitudinal row (Fig.  4) . The setae are either bottle-shaped with a broad basal part and a thin terminal part or conical, narrowing gradually towards the tip. They arise from a circular to oval hollow basis, which may have a thickened margin. This basis may lie within one annulus or extend over several depending on the relative size of the annuli and setae (Figs. 5, 6) .
The glandular sensory organ of all investigated members of Stilbonematinae consists of a basiepidermal complex of three cells: a type A glandular cell, a monociliated type B glandular cell, and a monociliated sensory cell. Occasionally, ,a further undifferentiated epidennal cell is found within this organ in Laxus. A centrally positioned, pear-shaped canal leads through the epidermis and cuticle and terminates in a pore at the tip of the hollow seta ( Fig. 9 ; see also Nebelsick et al. 1992) .
The largest portion of the glandular sensory organ is taken up by the type A glandular cell. It always lies distally and encloses the canal, except where the processes of the sensory cell and the type B glandular cell enter the canal. Six different types of granules may be distinguished within this cell: spherical granules with electron-lucent, finely granulated matrix (At; Figs. 11, 12) ; spherical granules with electron-dense. granulated matrix (A2; figs. 15, 18 in Nebelsick et al. 1992) ; spherical granules with electron-lucent matrix containing honeycomb-shaped columns (A3 ; Fig. 12) ; spher-
Figs. 9-10. Glandular sensory organs in the Desmodoridae. Fig. 9 . Organ of Stilbonematinae with one type A and one type B glandular cell with cilium, one monociliated sensory cell (S), and occasionally one undifferentiated epidermal cell (E). ical to irregularly shaped granules with electron-lucent, homogeneous matrix (A4; Figs. 11-13); spherical to irregularly shaped granules with extremely electrondense filaments and granules (AS; Figs. 12, 13); spherical to irregularly shaped granules with extremely electron-dense homogenous matrix (A6; Fig. 13 ).
Occurrence and abundance of each granule type varies with the physiological condition of the cell. In specimens freshly extracted from the natural habitat, the main portion of the cell is occupied by either A3 or A4 granules. Both these granule types apparently release their content into the canal ( Fig. 12 ; see also figs. 16, 17 in Nebelsick et al. 1992) . Whereas A1 granules are also always abundant, A2 granules are found only occasionally. Keeping animals in oxygenated seawater for a few days results in a drastic change. Type A cells of animals kept under these conditions are characterized mainly by A6 granules or a mixture of both A5 and A6 granules. Release of the content of these granules into the canal or through the pore at the tip of the seta has never been found in sections.
The type B glandular cell lies deeper in the glandular sensory organ and contains four kinds of elements: stacks of membranes (me ; Fig. 14) ; electronlucent, homogenous granules (B I ; Fig. 14) ; electronlucent, homogenous granules with electron-dense filaments (B2; Figs. 14, 15); and electron-dense, filamentous granules (B3; Fig. 16 ). Two different cell stages, the first with mainly Bland B2 granules (Fig.  14) and the second stage with mainly B3 granules, are described in detail in Nebelsick et al. (1992) . A gradual transition between these two conditions was found. There is no correlation between these cell stages and the condition of the animals (freshly extracted vs. kel in oxygenated seawater for several days). Granule cor tent was never found in the canal in either cell stagl The type B glandular cell is provided with an apic, process which extends through the type A glanduh cell into the canal and the seta. In the basal part of thi process filaments (Fig. 11 ) or B2 granules ( Fig. 1: are found whereas at the transition to the canal a ci: ium (9 + 0) arises.
The monociliated sensory cell has a dendritic prc cess which runs through the type A glandular cell an extends freely into the canal and seta, as does the prc cess of the type B glandular cell. The processes of bot cell types may run close together (Fig. 11) or widel. separated through the type A glandular cell. In th monociliated sensory cell, the process also contain filaments hI the basal dendritic part (Fig. 11 ) and cilium (9 + 0) in the apical part. No axon was founl (for a detailed description see Nebelsick et al. 1992 ).
Desmodorinae and Spiriniinae
In all species investigated, the glandular sensory or gans and their outlets, the subcephalic and somatic se tae, are arranged in six or eight longitudinal rows a: in the Stilbonematinae. Long and short setae altemat l in Desmodora sp. (Fig. 7) ; short, uniform setae an present in Spirinia sp. (Fig. 8) .
The glandular sensory organ of Acanthopharynx sp and Desmodora sp. (Desmodorinae) and Spirinia sp (Spiriniinae) consists of two cells: a type A glandula: cell and a biciliated sensory cell (Fig. 10) . The org ar has a spherical to elongate shape and lies in a bas ie - Figs. 11-13. Type. A glandular cells in Stilbonematinae. TEM. Fig. 11 . Eubostrichus sp. with mainly A4 granules; asterisks (*) mark the process of the sensory cell (S) and the type B glandular cell. Note portion of an epidermal cell (ep), overlying cuticle (c), and a symbiotic bacterium (b) at the upper right. Fig. 12 . Catanema sp. with mainly A3 granules. Note canal (ca) filled with contents of an A3 granule. Fig. 13 . Robbea sp. with mainly A6 granules. Note type B glandular cell and sensory cell (S). pidermaI position. A pear-shaped to tubular canal ends at the tip of a seta (Fig. 17) . Animals freshly extracted from the sand show the same variability of granules in the type A glandular cell as found in the Stilbonematinae.
From the biciliated sensory cell two dendritic processes extend through the type A glandular cell (Fig.  20) and the canal (Fig. 19) ; they end in the seta. The cilia show a 9 + 0 pattern of microtubules, a thick basal plate, and a centriole without rootlets. The nucleus is elongated with heterochromatin commonly close to the nuclear membrane. The electron-dense cytoplasm contains mitochondria, rough endoplasmic reticulum, and ribosomes (Figs. 17, 21) . As in the monociliated sensory cell of the glandular sensory organ in Stilbonematinae, no axon was found (see Nebelsick et al. 1992 ).
Discussion
The investigated representatives of all stilbonematid genera reveal the same multicellular, basiepidermal complex forming a unit with a characteristic arrangement of cellular and cuticular components of two different glandular cells (types A and B), one monociHated sensory cell, and a hollow seta. The additional undifferentiated epidermal cell found occasionally in Laxus is assumed not to belong to the basic pattern of Stilbonematinae.
All subcephalic and somatic setae in the investigated species are the outlets of glandular sensory organs. As far as is known from the species descriptions based on light microscopy, most other stilbonematids are provided with these setae as well. Only in Leptonemella cincta COBB 1920 and in Catanema porosum HOPPER Figs. 14-16. Type B glandular cell in Stilbonematinae. TEM. Fig. 14 . Catanema sp. with mainly membrane stacks (me), B I and B2 grancules. Note elongated nucleus (n). Fig. 15 . Process of type B glandular cell enclosing B2 granules and a cilium (ci) and surrounded by portions of type A glandular cell in Eubostrichus sp. Fig. 16 . B3 granules in Laxus oneistus.
Bauer-Nebelsick, Blumer, Urbancik, & Ott described (Cobb 1920; Inglis 1967; Hopper & Cefalu 1973) .
Spirinia sp., Acanthopharynx sp., and Desmodora sp. (Desmodorida; this study) and Chromadorina germanica (Chromadorida; Lippens 1974) have in common a glandular sensory organ consisting of only one glandular cell (type A) and one biciliated sensory cell. The
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Figs. 17-18. Desmodorinae. TEM. Fig. 17 . Glandular sensory organ of Desmodora sp. with type A glandular cell mainly with A4 granules and one biciliated sensory cell (S) with nucleus (n). Note canal (ca), seta (se), portion of epidermal cell (ep), and overlying cuticle (c). Fig.  18 . Type A glandular cell of Acanthopharynx sp. with A3 and A4 granules and nucleus (n).
type A glandular cell of C. germanica is described as having mainly A3 granules synthesized from endoplasmic reticulum and the cilia of the sensory cell as having an 8 + 2 pattern of microtubules, instead of the 9 + 0 pattern found in the desmodorid species. Furthermore, an additional glial cell is present and the orifice is a simple pore in C. germanica (Lippens 1974 ).
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The secretory product of the type A glandular cell is most likely mucus, which is known to be present in nematodes in general (Btitschli 1874; Gerlach 1953) and specifically in representatives of the Leptolaimidae, Monhysteridae, Desmodoridae, Chromadoridae, Oxystomatidae (see Lorenzen 1977) , and Oncholaimidae (Kreis 1934) . The fact that type A glandular cells are present in symbiotic as well as non-symbiotic nematodes does not necessarily imply that mucus has the same function in all these nematodes. Transport of water and ions has been suggested for epidermal gland cells (see Lee 1977) . Mucus could also serve as a carrier of various enzymes. These functions find no expression in fine structural features and could differ between andior within species, between males, females, and juveniles, between body regions, or could change with time. The pronounced changes in granule content after prolonged maintenance in normoxic water point to a role of the gland in the interaction of the worms with their environment, which commonly is microxic to anoxic and highly sulfidic. The gland cell could serve as a site of sulfide detoxification and/or storage of electron acceptors.
In ectosymbiotic relationships the site of mucus secretion represents at the same time the main interface between host and symbiont as well as between the symbiosis and its environment. Only a few organisms-the ciliates Kentrophoros SAUERBREY 1928 (Raikov 1971 (Raikov , 1974 Fenchel & Finley 1989) and Zoothamnium niveum (HEMPRICH & EHRENBERG 1831) (Bauer-Nebelsick et aI., in press a,b), the echinoid Echinocardium cordatum (PENNANT 1772) (Temara et a1. 1993 )-possess ectosymbiotic, suifur-oxidizing microorganisms as do the Stilbonematinae. The metabolic physiology of these symbioses is yet not understood completely, but various possible explanations for the specific role of mucus secretion-such as host! symbiont recognition, adhesion, embedding medium for the bacteria, or exclusion of competitors of the symbionts-have been offered (Fenchel & Finley 1989; Bauer-Nebelsick et aI., in press a,b) .
The fact that only the Stilbonematinae possess the type B glandular cell and a monociliated sensory cell in the glandular sensory organ strongly suggests a relationship between these cells and the occurrence of symbiotic epibionts. Type B cells either are only storage places of the B type granules, whose function is so far unknown, or they may be actively secreting only for short time spans.
Of the features that have been used to characterize the Stilbonematinae, the only synapomorphy that unites members of this taxon is the small buccal cavity without an armature; the presence of teeth reported in diagnoses by several authors (Chitwood 1936; Wieser & Hopper 1967; Andrassy 1976 ) is probably a misinterpretation. This feature, however, may be an adaptation to a purely microbial food source (see Wieser (953) . Stable carbon isotope analyses (a I3 C), and the presence of bacteria in the gut with a shape similar to that of the ectosymbionts, indicate that these worms feed exclusively on chemoautotrophic bacteria (Ott et al. 1991) . Additionally, Ott & Novak (1989) and Ott et a1. (1991) used the occurrence of episymbiotic bacteria in all members of the Stilbonematinae to characterize this taxon.
All three other common morphological characters of Stilbonematinae we interpret as plesiomorphic: annulate body cuticle with a special occurrence and arrangement of cuticular structures in the median and basal zone (Urbancik 1994) ; three rings of cephalic sensillae (6, 6, 4) (erroneously described as 0,6,4; Lorenzen 1981); a single, anterior testis (Lorenzen 1981) . Recent investigations of the highly variable cuticle, especially of the head region, reveal an undifferentiated head without cephalic capsule as an addi tional plesiomophic character (Urbancik 1994) .
We can now list four synapomorphic characters that make the Stilbonematinae monophyletic, two of which result from this study: (1) one type B glandular cell in the glandular sensory organ, (2) one monociliated sensory cell in the glandular sensory organ, (3) ectosymbiosis with chemoautotrophic, sulfur-oxidizing bacteria, and (4) a buccal cavity without armature.
